Melatonin referred as the hormone of darkness is mainly secreted by pineal gland, its levels being elevated during night and low during the day. The effects of melatonin on insulin secretion are mediated through the melatonin receptors (MT1 and MT2). It decreases insulin secretion by inhibiting cAMP and cGMP pathways but activates the phospholipaseC/IP3 pathway, which mobilizes Ca 2+ from organelles and, consequently increases insulin secretion. Both in vivo and in vitro, insulin secretion by the pancreatic islets in a circadian manner, is due to the melatonin action on the melatonin receptors inducing a phase shift in the cells. Melatonin may be involved in the genesis of diabetes as a reduction in melatonin levels and a functional interrelationship between melatonin and insulin was observed in diabetic patients. Evidences from experimental studies proved that melatonin induces production of insulin growth factor and promotes insulin receptor tyrosine phosphorylation. The disturbance of internal circadian system induces glucose intolerance and insulin resistance, which could be restored by melatonin supplementation. Therefore, the presence of melatonin receptors on human pancreatic islets may have an impact on pharmacotherapy of type 2 diabetes. Arch Endocrinol Metab.
INTRODUCTION

D
iabetes is an endocrine disease, consist of insulin resistance, a diminished pancreatic beta-cell function, abnormally high glucagon levels and a reduced incretin effect (1) . Diabetes is classified into two main categories: type 1 (an autoimmune disease of younger patients with a lack of insulin production causing hyperglycemia) and type 2 (a metabolic disorder resulting from the body's inability to produce enough or properly utilize insulin hence patients have hyperglycemia). Changing lifestyle trends such as a tendency to nocturnality and intake of excessively rich diets, cause disturbance of the sleep/wake cycle along with other circadian rhythms (2) . Deviation in circadian patterns favors the occurrence of diabetes (3) .
Inconsistent data have been reported concerning the effect of pineal hormone on the secretion of insulin, on blood glucose and carbohydrate metabolism. Melatonin (N-acetyl-5-methoxytryptamine), a tryptophan derived small indolic molecule, is mainly secreted by the pineal gland locally in several other tissues (4, 5) . Experimental evidences proposed the diurnal profiles of blood glucose due to melatonin and increased insulin levels in diabetic animals and humans (6) . Pinealectomy of rodents causes hyperinsulinemia (7) . Moreover, diabetes is coupled with lower melatonin levels as reduction in serum melatonin and higher insulin level is observed in type 2 diabetic Goto Kakizaki rats (6) . Genome-wide association studies has shown that specific single-nucleotide polymorphisms of the melatonin receptor 2 (MTNR1B) locus is linked with an increased blood glucose concentration and type 2 diabetes (8) (9) (10) (11) (12) (13) . Melatonin can be able to bring anti-hyperglycemic effect either by improving insulin sensitization or by improvement of insulin secretion, or both.
MELATONIN AND ITS FUNCTION
Melatonin is known as the hormone of darkness, is an indoleamine with the chemical name N-acetyl-5-methoxytryptamine. Circulating plasma concentrations are secreted by the pineal gland. In mammals, the concentration in plasma during night was found to be (80-100 pg/mL) and low levels during the day (10-20 pg/ mL) (14) . It maintains homeostasis in the body, helps adjust the timing or reinforces oscillations of the biological clock (15) . Its synthesis comprised of two steps, initially the conversion of amino acid tryptophan into serotonin (5-hydroxytryptamine, 5-HT), further acety- lation by arylalkylamine N-acetyltransferase (AA-NAT), the rate-limiting step in melatonin biosynthesis, before finally being converted into melatonin by hydroxyindole-O-methyltransferase (HIOMT) (16) . Pinealocytes in the pineal gland secrete melatonin. Figure 1 illustrates melatonin secretion and signaling pathway through melatonin receptors in maintaining circadian rhythm within the cell. The pineal gland is activated or deactivated by light exposure to the eyes. During the day, melatonin production is inhibited while at the night time, it is stimulated. When melatonin binds with melatonin receptors, it activates G i and G q proteins which in turn inhibit adenylate cyclase/cAMP pathway and activates phospholipase C/IP 3 pathway respectively. Due to phosphorylating activity of protein kinases, CREB and MSK1 regulates expression of Clock genes and thus maintain circadian rhythm.
Melatonin has several functions ranging from coordination of circadian activity, which is generally considered as a sleep-promoting effect; melatonin administration induces hypothermic effect and heat loss via the distal skin regions in persons with disrupted circadian rhythm as well as in healthy individuals, from younger children to old folk. (17) ; stabilize sleep-wake cycles (18) . Melatonin stimulates several antioxidative enzymes (19) and acts on bone metabolism (20) . The hormone exerts its effects both through activation of its receptors (21) , through the circulating levels of the hormone or in a more autocrine/paracrine fashion near target tissues (22, 23) . In addition, melatonin brings about vasoconstriction through the MT1 and vasodilation through the MT2 receptors (24) . It lowers cortisol secretion (25) in the adrenal cortex, similar to the action shared with insulin (23) . Moreover, human adipocytes, a major target tissue for insulin, express MT2 and have been shown to reduce expression of the insulin-dependent glucose transporter, Glut4, after melatonin stimulation (26) . It also stimulates glucose uptake in muscle cells by phosphorylation of insulin receptor substrate-1 (IRS-1) through MT2 signaling (27) . Hepatocytes express MT2 receptors and melatonin injections elevated glucose release from the liver in mice (28). 
MELATONIN RECEPTORS AND ITS CLASSIFICATION
Melatonin receptors belong to a family of receptors referred to as G protein coupled receptors (GPCR) (29) . Melatonin mediates circadian rhythms and other physiological functions via membrane receptors on the cell surface. Melatonin is considered as membrane-permeable substance owing to its chemical structure so it has both receptor-independent and receptor-dependent effects. All of its cellular actions and effects are likely transmitted via two known GPCR isoforms, denoted MT1 and MT2 previously known as Mel1a and Mel1b (30, 31) . The two receptors exhibit a high degree of homology (31) . There are mainly two types of melatonin receptors found in humans, melatonin receptor 1 (MT1; MTNR1A) and melatonin receptor 2 (MT2; MTNR1B), a third melatonin receptor supposed to exist and has been identified that belong to the family of quinone reductases (32) .
The melatonin influences exocytosis of insulin by β-cells as concluded from experiments via non-hydrolysable guanosine-5'-trisphosphate (GTP) analogue guanosine 5'-O-(3-thiotrisphosphate) and the melatonin antagonist luzindole (33), both of which inhibit the melatonin action on secretion of insulin from neonatal rat islets. The existence of MT2 receptor on the pancreatic β-cell is accomplished by application of melatonin as isolated islets of rats has phase-shifting effects on the insulin rhythm (34) . Moreover, molecular and immunocytochemical studies confirmed the presence of the melatonin receptors MT1 and MT2 in the islets of Langerhans and also in human pancreatic tissue (35) .
MELATONIN AND CIRCADIAN RHYTHM
Deregulation of the circadian system is associated with the instance of metabolic syndrome, including diabetes and obesity (36) . The transcription factors that maintains rhythmic functions consist of the clock regulators including the clock circadian regulator (Clock) and Aryl hydrocarbon receptor nuclear translocator-like (Arntl, also known as Bmal1) that heterodimerize and activate transcription of target genes, including Period (Per1, 2, and 3) and Cryptochrome (Cry 1 and 2) (37). Pancreatic circadian insulin oscillations were analyzed by changing the expression of clock genes on the transcriptional level (38) .During a 24-hr period, Tim, Bmal1, Per1, Per2, Clock and Cry1 as well as clock-controlled output genes, Dbp and Rev-erbα were examined by by real-time RT-PCR (39, 40) . The results established the role of a circadian pacemaker in the rat pancreas and the existence of a circadian oscillator within islets. In addition to the SCN, clock activities have been identified in numerous peripheral tissues including the liver, white adipose tissue, and pancreas that control metabolic processes (41, 42) .
Melatonin exerts its effect through melatonin receptors of different peripheral tissues, thus maintaining circadian rhythms. Likewise other physiological functions, glucose metabolism is regulated by circadian system (43, 44) . In an experiment, study Clock mutant mice showed lack of rhythmicity in the action of insulin, a condition which was reversible once the clock protein was reintroduced (43) . The removal of pancreatic Clock and Bmal1 in mice resulted in functional defects in insulin secretion and decreases in islet size and survival, signifies a key role of peripheral clocks in the regulation of glucose homeostasis (45) . In this manner, melatonin could either directly influence the clock machinery in the pancreas or indirectly via the SCN.
MELATONIN SIGNALING IN PANCREATIC β-CELLS
The intracellular signal transduction pathways of the pancreatic β-cell influenced by melatonin via MT1-and MT2-membrane receptors includes cAMP-, cGMP-, and IP3-signaling pathways are shown in figure 2. Due to melatonin there is reduction in cAMP production in pancreatic islets and the rat insulinoma β-cell line INS1, as well as forskolin-stimulated insulin secretion from isolated pancreatic islets of neonate rats (33, 46, 47) . The insulin and cAMP levels were stimulated by forskolin, adenylyl cyclase activator (48) . Previously it was found that receptor antagonists like luzindole completely reversed the cAMP-and insulin diminishing effects of melatonin (33) . The Giα-protein-inhibitor pertussis toxin (PTX) abolished the effect of melatonin on the levels of cAMP and insulin as well (48) . These results confirmed that melatonin inhibits cAMPstimulated insulin secretion, which are mediated via Gi protein-coupled MT1 receptors.
Melatonin activates MT2 receptor that inhibits the second messenger cGMP and suppresses secretion of insulin through pancreatic β-cells (49, 50 tially turns on CREB and/or C/EBP (CCAAT enhancer-binding protein. The MT2-receptor also affects the second messenger cAMP in an inhibitory manner. Thus, both cAMP and cGMP pathways may have receptor mediated influence on CREs. Via PKG, cGMP probably modulates pancreatic circadian clock genes (e.g. on heterodimeric, activating bmal1/clock and antagonistic, inhibiting cry/per1 genes) leads to phase-shifting/resetting of secretion rhythms. cGMP signaling cascade also target on cyclic nucleotide-gated (CNG) channels and cGMP-specific phosphodiesterases (Figures 2A and 2B) .
In the experiment involving INS1 cell line, melatonin stimulated IP 3 release in a dose dependent manner, during the same time melatonin receptor antagonist luzindole was capable of absolutely inhibiting such IP 3 -liberating effects of melatonin, hence signifying the role of melatonin receptors (51) . In addition, melatonin induced IP 3 liberation that allow Ca 2+ to flow into the cell from intracellular stores (51), a common mechanism that triggers insulin secretion by pancreatic β-cell. Alternatively, MT2-receptor-dependent signaling pathway of melatonin stimulates phospholipase C via Gq proteins, markedly elevating inositol triphosphate (IP 3 )/Ca 2+ from intracellular stores (52-54). The co-product of phospholipase C (PLC) activity, diacylglycerol (DAG), may lead to MAPK p38-modulated activation of protein kinase D (PKD), protein kinase C (PKC) and increased vesicle fusion ( Figure 2C ). 
MELATONIN AND GLUCOSE HOMEOSTASIS
Various studies have shown that melatonin may influence insulin secretion and glucose homeostasis. A low quantity of circulating melatonin occur in patients with type 2 diabetes (11), at the same time upregulated mRNA expression of melatonin membrane receptor was observed (55) . Furthermore, polymorphisms in the melatonin receptor gene were linked with fasting blood glucose level and susceptibility to the occurrence of type 2 diabetes (56). These clinical results indicate that melatonin improves glycemic control in blood and the insufficiency of melatonin might be associated with the development of type 2 diabetes. The study investigating the effects of melatonin on glucose homeostasis in young male Zucker diabetic fatty (ZDF) rats, an experimental model of metabolic syndrome and type 2 diabetes, show that oral melatonin administration exert anti-hyperglycemic effect in young ZDF rats as insulin sensitizer and by improvement in β-cell function (57). Reverse transcription polymerase chain reaction established that melatonin receptor deficiency have an effect on transcript levels of pancreatic islet hormones in addition to pancreatic and hepatic glucose transporters (Glut1 and 2) (58). In a group of type 2 diabetic patients, when melatonin and zinc acetate supplemented with and without metformin improved glycemic control through decreasing FPG (fasting plasma glucose) but the mechanism not related to increase in insulin secretion (59) . Clinical implications of melatonin were presented by the data obtained from selected population of postmenopausal women as administration of melatonin reduced glucose tolerance and insulin sensitivity (60) .
MELATONIN AND INSULIN SECRETION
Human and rodent pancreatic tissues and islets and rodent cell lines has been found to express MT1 and MT2 receptors (10, 35, 53, 55, (61) (62) (63) (64) (65) . The occurrence of melatonin receptors in the pancreatic islets proposes that their activation by melatonin might directly influence insulin or glucagon production and provides a biochemical basis to explain how decreased melatonin levels of diabetic patients could affect the function of the pancreas (6, 66) . The basis for glucose homeostasis is the secretion of insulin and glucagon by the pancreatic islet cells. High level of glucose observed at the start of the active phase shows circadian variation in the concentration of plasma glucose. Since the intake of food induces insulin secretion, the amount of insulin in plasma follow the daily rhythm in feeding and may exhibit a daily rhythm as well. In contrast, mouse and human pancreatic islet cells have been found to possess circadian activity as well (34, 67, 68) . This concept gives emphasis to the presence of a circadian regulation over pancreatic function. The analysis of melatonin on pancreatic islet by immunoprecipitation and immunoblotting shown that melatonin regulate growth and differentiation of pancreatic cells by stimulating insulin growth factor receptor (IGF-R) and insulin receptor (IR) tyrosine phosphorylation (69) . It activates two intracellular signaling pathways: PI3K/AKT (involved with cell metabolism) and MEK/ERKs (involved in cell proliferation, growth and differentiation) (69) . Moreover, the decrease in melatonin levels augmented insulin secretion in rats during the day while at the time of night, low levels of insulin along with high glucose levels are measured when melatonin levels are elevated (70, 71) . There is prospect that there might be an association between melatonin and type 2 diabetes based on the findings that insulin secretion is inversely proportional to plasma melatonin concentration (72) . Melatonin inhibits glucose mediated release of insulin from pancreatic cells emphasizing its activity in the function of insulin (72) . Suppression of melatonin secretion by nocturnal light exposure could be a critical factor for type 2 diabetes development (44) . Furthermore, MT1 receptors are involved in the modulation of glucose homeostasis in mice and might stimulate insulin to induce glucose uptake (73) . Therefore, the available literature proposed that presence of melatonin have direct or indirect effect on insulin secretion both in vivo and in vitro, and night-time melatonin levels are associated to night-time insulin concentrations in patients with diabetes.
MELATONIN RECEPTOR POLYMORPHISM
The effect of melatonin is exerted by the two G-protein coupled receptors, melatonin receptor type 1A and melatonin receptor type 1B. The two distinct receptors have been found to be expressed in human pancreatic islets (23, 64) . Recent genome-wide association studies (GWAS) identified common genetic variants within MTNR1B were associated with higher fasting glucose levels or the increased risk of type 2 diabetes (11,61). The two common genetic variants: rs1387153 and rs10830963 are located near the gene MTNR1B that encodes the MT2 receptor of melatonin. The variant with the strongest association signal was the single nucleotide polymorphism (SNP) rs10830963 (74) . A meta-analysis revealed that rs10830963 is strongly associated with fasting glucose levels and moderately associated with an increased risk to develop diabetes (12) . The risk allele was also related to impairment of early insulin secretion and beta cell dysfunction that might represent the pathomechanism for the increased risk of type 2 diabetes by the rs10830963 risk allele (11, 74) . Recently, the associations of rs10830963 with the elevated fasting glucose and risk of type 2 diabetes were reported in Asian adults, including Chinese (75-80), Japanese and Sri Lankan populations (81) . In the pregnant Chinese women, the MTNR1B variant rs10830963, rs1387153, rs2166706 and rs1447352 were shown to be associated with gestational glucose intolerance so MTNR1B is probably involved in the regulation of glucose homeostasis during pregnancy (82) .
The expression of MT2 receptor in the β-cells implies that MTNR1B gene variant might affect pancreatic glucose sensing and insulin secretion and thereby hyperglycemia (61) . One study suggested that IGR (Impaired glucose regulation) might have similar background of susceptible genetic variations as well as indicated significantly increased risk of MTNR1B rs10830963 polymorphism for IGF (impaired fasting glucose) but not for IGT (impaired glucose tolerance) when stratified by IGR outcome (83) . Another study on a Czech cohort of women confirms that allele G of rs10830963 in MTNR1B gene is associated with increased risk of developing GDM (Gestational diabetes mellitus) and, in non-diabetic normoglycemic subjects, with FPG (Fasting plasma glucose) levels and glucose processing during the oral glucose-tolerance test (84) . Furthermore, a polymorphic allele was identified in CRY2 associated with type 2 diabetes (85). A group of researchers reported that the MTNR1B-associated Single Nucleotide Polymorphisms rs10830962, rs4753426 and the aforementioned rs10830963 were all significantly associated with higher fasting glucose concentrations in the blood and decreased insulin secretion in German cohorts (86) .
MELATONIN AND DIABETES
In diabetic patients, a reduction in melatonin levels and a functional inter-relationship between melatonin and insulin was observed. On this basis melatonin may perhaps be involved in the genesis of diabetes (6) . In humans, melatonin administration reduced glucose tolerance mainly by decreasing insulin release at the time of morning while decline in insulin sensitivity was observed in the evening (87) . In addition, various studies established a correlation between sleep disorders and a greater risk for a decreased glucose tolerance and type 2 diabetes (88) (89) (90) . The existence of an association between glucose and time keeping mechanism has been proved by the alteration of 24 h rhythmic expression of clock genes as a result of high fat diet intake in rats (91) . Genome-wide association studies have proposed that allelic variations of the melatonin receptor MT2 affect glycemic traits such as elevated fasting glucose levels in plasma, impaired insulin secretion, and risk of type 2 diabetes (11, 92, 93) . Both melatonin and insulin exhibit a circadian rhythm but there is negative correlation between melatonin and insulin i.e. insulin levels alters in a reverse fashion to melatonin (94) . Decreased melatonin level in irregular manner has been related with diabetes (6, 55) , which suggests that the melatonin signal is critical for glucose regulation in blood and maintaining homeostasis (95) . In patients with type 2 diabetes, gluconeogenesis and endogenous glucose production exhibit circadian rhythm that impel fasting high blood glucose and do not exist in healthy humans (96) .
Significant changes in behavioral activity in control rats were observed on reversing the LD (light/dark) conditions whereas no shift was observed in rats with diabetes (97) . There were larger variations in blood glucose levels of rats suggesting that the changes in behavior and insulin levels are due to misalignment of clock functioning as a result of LD changes (97) . Hence, the decline in melatonin levels during exposure to light at night and aging, may lead to the occurrence or development of type 2 diabetes.
CONCLUSION
Circadian system may be a tractable target for decreasing the prevalence of hyperglycemia and insulin resistance. The loss of glycemic control and substantial elevations of fasting glucose are complications that arise from type 2 diabetes and typically result from progressive loss of pancreatic beta-cell function and decline in insulin. Different animal studies suggest that melatonin supplementation may have beneficial effects on glucose homeostasis and body weight regulation under certain circumstances, which should encourage clinical trials in humans to evaluate the therapeutic potential of this hormone in diabetes. Diabetes is a prevalent disease in middle-aged and older adults and maintenance of optimal levels of blood sugar in diabetes patients is a major clinical issue. The present evidence that melatonin induces insulin secretion by IP 3 -signaling pathway and can improve β-cell function, so melatonin supplementation may have beneficial effects on glucose homeostasis. It would advance the current therapeutic strategy to overcome the diabetes effects which is currently prescribed for sleep and circadian rhythm.
